In the design procedure of geosynthetic reinforced-soil structures, the residual deformation during the service period of the structure is one of the key issues. To investigate the development of residual strain of polymer reinforcements, a series of load-controlled tensile tests was performed generating the following loading histories: a) continuous monotonic loading (ML) at a constant load rate; b) creep (or sustained) loading; and c) cyclic loading with controlled amplitudes and frequencies. Though it has been usually considered that residual straining during cyclic loading is due to the effects of time-independent cyclic loading history (i. e., as a function of the number of loading cycles; amplitude; and so on), it was found from this study that cyclic residual straining is due essentially to the loading rate effects caused by material viscous property. A non-linear three-component model originally developed for simulating the rate-dependent deformation of geomaterials (i. e., soils; and rocks) was modified to simulate the relationship between tensile load and strain for ML; creep; cyclic loading; and general loading histories obtained from the present study.
Introduction
Polymer geosynthetic reinforcement is widely used to reinforce backfill for soil structures, such as sloped embankments; retaining walls and bridge abutments. Such a popular use as above is due to a high costeffectiveness and a high stability, in particular against high seismic loads due to its flexibility and ductility. However, geosynthetic-reinforced soil (GRS) structures could be relatively more deformable, exhibiting larger long-term residual deformation, when compared with soil structures reinforced with metal strips. In the ordinary design procedure, therefore, it is specified that the design rupture strength of polymer reinforcement decreases with an increase in the specified design life of structure. On the other hand, there has been a very limited report on the failure of GRS structure due to the creep rupture failure of polymer reinforcement under usual service load conditions. Furthermore, the laboratory tensile tests of polymer geogrid reinforcement (Kongkitkul et al., 2002a) showed that the strength under the same loading conditions does not decrease by creep, cyclic and other loading histories applied before rupture. It seems therefore that the current design procedure is not relevant in this respect.
Despite its paramount importance in the design of permanent GRS structures, the residual deformation of GRS structures could be predicted confidently only when the residual deformation characteristics of both geosynthetic reinforcement and backfill are well understood. To this end, the tensile load and strain behaviour together with residual deformation characteristics of polymer geosynthetic reinforcement have been studied by many researchers (e. g., Bathurst and Cai, 1994; Min et al., 1995 1) Loading rate effects caused by material viscous properties: The residual strains developed by this factor during cyclic loading should be independent from the number of loading cycles applied for a given total period of cyclic loading. 2) Rate-independent effects of cyclic loading history:
The residual strains developed by this factor during cyclic loading should be a function of rateindependent cyclic loading conditions, such as cyclic load amplitude, initial loading level, the number of loading cycles and so on, while independent of loading frequency for a given number of loading cycles.
However, Kongkitkul et al. (2002a) showed that the creep deformation of geosynthetic reinforcement is a viscous response of the material and the development of residual strain during cyclic loading is also due to the viscous property of reinforcement.
In the present study, a series of load-controlled cyclic and creep loading tests were conducted during otherwise monotonic tensile loading at a constant load rate on two types of polymer geogrid (the same ones as used by Kongkitkul et al., 2002b 
Test apparatus and loading patterns
In order to control the frequency and amplitude in the respective cyclic loading test, a pneumatic loading system consisting of a double-action air-cylinder, an electro-pneumatic (EP) transducer and an air-booster was used (Fig. 1b) . The loading rate during loading and unloading was controlled by adjusting the pressure inside the lower room of air-cylinder controlled by using the EP. The air-booster was used to achieve a better response of the pneumatic loading system when reversing the loading direction and changing the loading rate.
The gripping device consisted of a pair of roller clamps having a groove to fasten the specimen inside with a small steel rod.
To avoid any slippage of the specimen from the surface of the clamp, a sheet of sand paper was firmly glued on the middle area, where the specimen was wrapped around, of each clamp.
The loading scheme was set up assuming as if all the specimens were installed in the same structure subjected to monotonic loading at a specified loading rate during the construction process and subsequently cyclic loading that is added during service. In other tests, creep loading tests were performed. The following patterns of loading histories were generated: 1) Monotonic loading (ML) at a load rate of 60 kN/m/min continuously up to a specified ultimate load, which is slightly lower than the tensile rupture strength at this load rate of each type of reinforcement 2) Cyclic loading (CL) for a period 30 minutes at different load rates corresponding to different frequencies (f) for a load amplitude of 10kN/m, applied during otherwise ML at a rate of 60kN/m/min (Fig. 2a) . The generated frequencies were equal to 0.01; 0.02; 0.05; 0.1 and 0.2Hz. The same load rate, equal to 60kN/m/min, was used for ML loading up to a specified load level where cyclic loading was added continuously from the previous ML. This cyclic loading method was to simulate additional loads by traffic applied on GRS structures. The CL histories were applied at either two or three stages depending on the rupture strength of each type of reinforcement. The number of loading cycles (Nc) and the loading rate at each stage were determined so that the total period of CL became 30 minutes ( Table 2 ). 3) Creep loading for a period of 30 minutes at the maximum and minimum loads at the respective cyclic loading stage (Fig. 2b ). each CL stage tended to rejoin the one obtained from the corresponding continuous ML test without the intermission of CL stages. That is, the effects of residual strain by CL disappeared when the load became sufficiently high load level.
2) The residual strain increment per cycle was largest during the first cycle. This was due to the occurrence of large irreversible strain increment when the load level exceeded the previous maximum value during the first half cycle.
3) The time histories of residual strain are rather similar for different loading frequencies, f, in a range of 0.01 -0 .2Hz under otherwise the same loading conditions for both types of geogrid. This result indicates that the development of residual strain during CL is a viscous response of the polymer geogrid. 4) All the time histories are asymptotic to the respective upper bound and the pattern is the same for different loading frequencies. This trend of behaviour is essentially the same as creep strain. It is seen from the above that the nature of cyclic residual strain is very similar to creep strain.
5) The amount of developed residual strain decreases with an increase in the load level, which is due to an with an increase in the load level. Figure  5 . Relationship between residual tensile strains at an elapsed time equal to 1,000 seconds and at a number of cycles equal to 10 from cyclic loading tests at different loading frequencies and load levels.
Fig . 5 shows the relationship between the residual tensile strain at an elapsed time equal to 1,000 seconds, levels for both types of geogrid.
It can be seen that the same load level are essentially the same. On the other the loading frequency (i. e., with a decrease in the elapse time at the end often loading cycles). This plot confirms that the development of residual tensile strain during cyclic loading history is essentially a viscous response, but rate-independent cyclic loading effects are negligible, if any.
Creep deformation characteristics
relations from a continuous ML test and two or three other ML tests with creep loading at multiple intermediate stages (lasting 30 minutes at each) for the two types of geogrid. The results from simulation based on the three-component model also presented in these will be explained later. It may be seen that, upon the restart of ML at a constant load rate (60kN/m/min) after tangent stiffness compared with the one observed at the same load level during continuous ML. This trend of behaviour is similar to the case of cyclic loading test.
original curve observed during continuous ML when the tensile load became sufficiently higher than the creep load level.
This result obviously shows that creep deformation is not a degradation phenomenon while it is just a viscous response of geosynthetic reinforcement. is the viscous load component, which is either a unique loading history (the TESRA viscosity). The isotach viscosity is relevant to the two types of geogrid used in the present study. Reference load strain relation during CL: Due to the shape of load-strain curves during unloading/reloading is largely different from the one during the primary loading curve for the two types of geogrid used in the present study, it becomes necessary to introduce imaginary the actual unloading and reloading curves, but different illustrated in Fig. 8 . Hysteretic curves during cyclic loading are obtained by shifting these imaginary primary loading and unloading curves without scaling. A and it was determined to best fit the inferred inviscid tensile load-irreversible strain curves (at zero-irreversible strain rate) during unloading and reloading. The hysteretic load-strain relations during CL were obtained as follows referring to Fig. 8:  1 ) During the first primary loading from origin o 2) Assume that loading direction is reversed at point a.
The unloading curve, bound for point b, is obtained by using the known imaginary primary unloading curve, (Fig. 9a) , Vf* is the value of Vf at point b* along the imaginary primary unloading curve that corresponds to point b as:
2) For Vv at point d during reloading (Fig. 9b) , Vf* is the value of Vf at point d* along the imaginary primary loading curve that corresponds to point d as:
Note that the value of Vf* when reloading curve point a is scaled up so that it is equal to Vfa before the unloading starts. Therefore, the total load (inviscid+ viscous) from reloading curve smoothly continues the primary loading curve at point a without any sudden dropping in the viscous component. Table  3 . These parameters were determined to fit the loading rate effects on the load-strain relation observed when changing stepwise the strain rate, as explained in Hirakawa et al. (2003 The model parameters used in these simulation are the same as those used to simulate continuous ML tests and creep tests (Table 3) . Fig. 12 It should be noted that any rate-independent effects of cyclic loading is not taken into account in this simulation.
Some inconsistency may be seen between the measured results and the simulated ones, which were obtained by using the same model parameters under different test conditions for the same type of geogrid. This is due mostly to an inevitable scatter in the material propertied among different specimens. 1) Upon the start of reloading at a constant load rate after a creep or cyclic loading stage, the load-strain relation exhibited a very high tangent stiffness and subsequently tended to rejoin the original one that could be obtained by continuous monotonic loading at the same load rate. Consequently, the effects of previous creep or cyclic loading disappeared after the load became higher than certain level. This fact indicates that creep deformation as well as residual strain development during cyclic loading are not degradation phenomena.
2) The rate-independent effects of cyclic loading were negligible while the residual strains developing during cyclic loading were due essentially to the material viscous properties.
3) The load-strain-time behaviour observed during monotonic, creep and cyclic loading could be simulated very well by the three-component model using the irreversible strain rate as the basic variable while not taking into account the rate-independent cyclic loading effects on the model parameters. 
